Plants were engineered to confer resistance to thiazopyr, a member of the pyridine herbicide family, via an esterase deactivation mechanism. Earlier studies showed that transformation of thiazopyr to its monoacid metabolite resulted in loss of herbicidal activity (P.C.C. Feng et al., 1995, Xenobiotica 35, 27). Based on thiazopyr hydrolytic activity, a 60-kDa esterase was purified from rabbit liver. The N-terminal amino acid sequence of purified pyridine-esterase demonstrated high homology to the published protein sequence of rabbit liver esterase isozyme 1 (RLE1). PCR primers designed based on the amino acid sequence of RLE1 recovered a novel cDNA (RLE3) whose derived amino acid sequence was 95% homologous to RLE1. Baculovirus-mediated expression of RLE3 cDNA in insect cells detected the 60-kDa esterase as well as activity against thiazopyr. Stable plant transformation of RLE3 cDNA was conducted in tomato and tobacco under a constitutive expression promotor. R 0 plants demonstrated wild-type phenotype, and analysis of leaf tissues confirmed the presence of the 60-kDa esterase. Transgenic seedlings demonstrated both in vitro and in vivo deactivation of thiazopyr to the monoacid. In growth chamber and greenhouse tests, R 1 seedlings from transgenic tomato and tobacco demonstrated enhanced resistance to thiazopyr. Resistance was directly correlated to the level of pyridine-esterase expression. A field study was conducted with transgenic tomato seedlings which further confirmed resistance to thiazopyr. ᭧1997 Academic Press
INTRODUCTION
polar and/or acidic metabolites (6) . A key reaction is transformation of the methylester group to the monoacid metabolite which is virtually Thiazopyr (Fig. 1, 1) is a member of the pyridevoid of any herbicidal activity (1) . In animals, dine family of herbicides useful for controlling we demonstrated that deesterification can occur grasses and small seeded broad-leaf weeds under via either oxidation (7) or hydrolysis (1) by preemergence application. Cell biology studies enzymes in livers. We were particularly interusing dithiopyr ( Fig. 1, 2) , another member of ested in esterases due to their lack of requirement this family, indicated that disruption of cell divifor cofactors during catalysis and their ubiquision is the mode of action of the pyridines (2). Seedlings exposed to pyridines show character-tous presence in nature hydrolyzing both endogistic inhibition of root elongation and swelling enous and xenobiotic substrates (8) . Plant of meristematic zones indicating a disruption metabolism of thiazopyr differed from animals of microtubule organization during cell division in that the monoacid appeared to be produced (3). MON 14300 (Fig. 1, 3 ) is yet another pyri-exclusively via the oxidation pathway (5) . Using dine whereby a different heterocyclic ring is inhibitors of monooxygenase enzymes, we demattached at the pyridine-5 position.
onstrated in vivo suppression of thiazopyr Thiazopyr is predominantly metabolized in metabolism in plants which translated to both animals (4) and plants (5) via oxidations enhanced bioefficacy (9) . at the sulfur or carbon atoms in the thiazoline Thiazopyr shows little plant selectivity which ring. The resulting initial metabolites have a limits its use in many important agronomic transient existence and were further degraded to crops. Present manuscript describes the purification, cloning, and expression of a novel esterase 1 To whom correspondence should be addressed. the pyridine-esterase demonstrated deactivation for plant tissues consisted of 100 mM Tris, pH of and resistance to thiazopyr and served to vali-8.0, 1 mM EDTA, 1 mM DTT, and 10% glycerol date esterase deactivation as a mechanism to in water. Plant tissues (1 g/ml buffer) including engineer plant resistance to thiazopyr.
leaves, seeds, flowers, seedlings, etc., were homogenized in conical centrifuge tubes using a Reaction was sampled (100 L) at various times Specific activity of [4- 14 C]pyridine-labeled thia-(0.5 to 100 h) and stopped by addition of 1% zopyr was 27.97 mCi/mmol and was determined by HPLC to be Ͼ99% pure. The specific activity trifluoroacetic acid in acetonitrile (150 l). Folof [4- 14 C]pyridine-labeled MON 14300 was lowing centrifugation (12,000g for 3 min), the 27.96 mCi/mmol and was determined by HPLC supernatant was analyzed by HPLC/RAD to be Ͼ98% pure. The specific activity of (radioactivity detection) to resolve the monoacid [ 14 C]pyrazole-labeled halosulfuron (a sulfonyl-from the parent herbicide and other metabolites. urea herbicide) was 19.30 mCi/mmol and was Control reactions in the absence of the esterase determined by HPLC to be Ͼ98% pure. Halos-recovered unreacted thiazopyr or MON 14300 ulfuron was used as an example of a methyl-for the duration of experiments. Esterase activity ester-containing but nonpyridine herbicide. was also assayed during protein purification folStandard esterase substrates (p-nitrophenyl lowing a similar procedure except a single time butyrate, 4-methyl umbelliferyl butyrate, and 5-point (1-2 h) of incubation was selected within bromo-4-chloro-3-indolyl acetate) as well as the linear range of reaction. In vitro assays also liver esterases (carboxyl esterase; carboxylic-employed three commonly used colorimetric (pester hydrolase; EC 3.1.1.1) from porcine and nitrophenyl butyrate) or fluorescent substrates rabbit were obtained from Sigma Chemical (4-methyl umbelliferyl butyrate and 5-bromo-4-Company (St. Louis, MO).
chloro-3-indolyl acetate). These substrates served as a quick qualitative assay for the detection of all esterase activity.
Esterase Activity Assays
Esterase activity was also monitored in vivo. desalted using a disposable Sephadex G25 size exclusion column (Pharmacia Biotech). Proteins (1 to 10 mg) were initially separated on a strong anion-exchange (SAX) column (Mono Q, PharReverse-Phase HPLC/RAD Analysis macia Biotech) at 4ЊC. The column was linearly programmed from 0 to 0.4 M KCl in 10 mM The HPLC system was assembled from comTris buffer, pH 7.4, in 30 min and from 0.4 to ponents manufactured by Waters Associates.
1.0 M KCl in 10 min at a flow rate of 1 ml/min. Three individual HPLC methods were employed Effluent was monitored by UV (280 nm), and for separating the corresponding monoacid fractions (1 ml) were assayed for protein by metabolites of thiazopyr, MON 14300, or halosCoomassie dye (Bio-Rad Laboratory) and for ulfuron. A reverse-phase Beckman Ultrasphere esterase activity. Protein purity was determined column (4.6x25 mm) was employed for the sepaby SDS-PAGE on 10-15% gradient gels (Pharration of thiazopyr monoacid. The solvents conmacia Biotech) with visualization of proteins by sisted of methanol and 0.2% (v/v) trifluoroacetic silver staining. acid in water at a flow rate of 1 ml/min. Gradient
Fractions with the highest purity and activity was programmed as follows: 60% methanol for from SAX chromatography were pooled, 12 min; 60 to 75% methanol in 8 min hyperbolic desalted, and separated by isoelectric focusing curve 5; 75% for 6 min, 75 to 100% methanol (IEF) chromatography on a Mono P column linearly in 1 min, and 100% for 4 min. The (Pharmacia Biotech) at 4ЊC. IEF chromotograeffluent was detected in series by UV (254 nm) phy was conducted at different pH ranges (3-9, and by a radioactivity flow detector (Packard 4-7, 5.5-6.5, or 4.5-5.5) using appropriate comTrace II, homogeneous cell with Atomlight binations of Polybuffers (Pharmacia Biotech) at cocktail at 3 ml/min). The elution time of thiazoa flow rate of 0.5 ml/min. Effluent fractions pyr monoacid was 16.0 min.
(0.5 ml) were analyzed for protein and esterase For MON 14300 monoacid, a reverse-phase activity and by SDS-PAGE and IEF-PAGE. Waters Bondapak column (4.6x25 mm) was Purified esterases were immunized into goats employed. The solvents consisted of acetonitrile for the production of antibodies for Western blot and 0.2% (v/v) trifluoroacetic acid in water at assay (1). a flow rate of 1 ml/min. Gradient was programmed as follows: 50 to 80% acetonitrile lin-PCR Cloning of a Rabbit Liver Esterase early in 5 min; 80% acetonitrile for 5 min; 80 cDNA to 100% acetonitrile linearly in 1 min; and 100% acetonitrile for 4 min. The elution time of MON Based on the published amino acid sequence 14300 monoacid was 12.0 min.
of rabbit liver esterase isozyme 1 (RLE1) (10), For halosulfuron monoacid, a reverse-phase we designed 64-fold degenerate primers at the Beckman Ultrasphere column (4.6x25 mm) was amino and carboxy termini of the mature protein employed. The solvents consisted of acetonitrile utilizing nucleotide degeneracy only in the 3' and 0.2% (v/v) trifluoroacetic acid in water at region of the primer. The amino terminal primer a flow rate of 1 ml/min. Gradient was pro-contained an NcoI restriction site encoding an grammed as follows: 20 to 100% acetonitrile initiating methionine residue for expression. The linearly in 15 min; 100% acetonitrile for 4 min. carboxy terminal contained a termination codon The elution time of halosulfuron monoacid was and the restriction sites XbaI and SacI for cloning. The primer for the amino terminal was 15.3 min.
5'GCACCATGGCCCACCCCTCCGCACCAC-halves of RLE1. The double-stranded DNAs were recovered into pBluescript, trimmed with CTGTGGTTGACACTGTNAARGGNAARGT, and the primer for the carboxy terminal was ClaI digestion, and assembled through blunt-end ligation to produce the RLE1 cDNA. 5'CGCTCTAGAGCTCTACAGYTCGATRTGY-TCNGTYTC.
Expression of RLE1 and RLE3 cDNAs in Rabbit liver poly(A) + RNA (2 g) was reverse Insect Cells transcribed with AMV reverse transcriptase to generate first strand cDNA for use as template Rabbit liver esterase cDNAs (RLE1 and in the PCR reaction. An equivalent of 80 ng of RLE3) were expressed in insect cells using the starting material was used for 30 cycles of PCR baculovirus system with expression under the with Taq polymerase in segments of 94ЊC (1 control of the polyhedrin promoter (12) . Transfer min), 25ЊC (2 min), and 72ЊC (2 min). Products vector DNA (2 g) along with 1 g of baculoviin the 1300 to 1900-bp range were recovered rus genomic DNA were transfected into and reamplified as above with an annealing tem-Spodoptera frugiperda clone 9 (SF9) cells by perature of 35ЊC. The reaction yielded a single the standard calcium phosphate method (12) . band of the correct predicted molecular weight. After 5 days of transfection at 27ЊC, cells were The esterase clone was completely sequenced precipitated by centrifugation at 3000g. Both in both directions utilizing the Sanger method culture media and cell lysates were assayed for and the Sequenase reagents (US Biochemical). esterase activity and by Western blot. The The deduced amino acid sequence from the recombinant baculoviruses were confirmed by cloned esterase showed divergence from the dot blot DNA hybridization and purified by three published RLE1 and was designated as isozyme rounds of plaque purification.
(RLE3).
A synthetic endoplasmic reticulum (ER) Plant Expression of RLE3 cDNA signal sequence was designed based on a pub-
The vector for stable expression in tomato lished homologous esterase cDNA sequence (UC82B) and tobacco (Samson) contained the (11). Oligonucleotides of 56 and 57 nucleotides FMV (figwort mosaic virus) promotor, RLE3 were synthesized to encode both strands of the cDNA with a ER targeting sequence, and NPTII signal sequence. An alanine residue was added (neomycin phosphotransferase) selectable downstream of the initiating methionine residue marker. Vector was introduced into plants via in order to incorporate the NcoI restriction Agrobacterium transformation (13), and callus site.
tissues were selected based on kanamycin resistance. Shoots from calli were isolated for root Construction of a cDNA for RLE1 induction and subsequent transfer to soil. Plant tissue extracts were assayed for esterase activity Using the cloned RLE3 cDNA as the temand by Western blot. plate, two independent PCR events were conducted to generate a cDNA for RLE1. Two Root Elongation Assay for Thiazopyr oligonucleotides were designed such that the 3' Resistance end was homologous to RLE3 sequences flanking the divergent region and the 5' end encoding Transgenic tobacco R 1 seeds were sterilized with a sodium hypochlorite solution (0.25%/5 the divergent region of RLE1. The two primers were designed with opposite orientations and min) and repeatedly washed with water. Just prior to solidification of agar (~45ЊC), stock contained an overlapping segment in the RLE1 divergent region with a unique ClaI restriction solutions of thiazopyr in DMSO (1% final concentration) were added; the final concentrations site. Two PCR reactions were run independently utilizing RLE3 cDNA as the template producing of thiazopyr were 0, 0.05, 0.1, and 0.5 M. The liquid agar was vortexed and dispensed (3 ml) two double-stranded DNAs encoding for two RESULTS AND DISCUSSION into glass test tubes. Seeds (~12 per test tube) were placed on the surface of solidified agar and Earlier studies showed that some animal liver stored in a growth chamber at 25ЊC with a 12-esterases were capable of hydrolyzing thiazopyr h day and night cycle. Tobacco seeds (Samson) to the monoacid, which was herbicidally inactive were used as controls, and root elongation was (1) . These results formed the basis of our stratmonitored visually.
egy to use metabolic deactivation as the mechanism to engineer thiazopyr resistance. We began Growth Chamber and Greenhouse Assay for with purification of a pyridine-esterase and proResistance ceeded with cloning and expression of the cDNA in plants. We purified a liver pyridine-esterase Seeds from transgenic tomato (R 1 ) or control from both rabbit and porcine and selected the (UC82B) were planted in 10x10-cm pots (12 rabbit esterase based on its superior kinetic seeds per pot) in artificial Metromix soil at a parameters. depth of 0.5 cm. Pots were watered and Purification of Porcine and Rabbit Liver oversprayed with a 50% acetone/water solution Esterases (2 ml) containing thiazopyr at equivalent use rates of 0, 34, 67, 140, and 280 g/ha. Pots were Commercially available preparations of porplaced in a growth chamber (12-h photoperiod; cine liver esterase demonstrated activity against 60% humidity, 25ЊC night/29ЊC day; 600 E/ thiazopyr, MON 14300, and standard esterase m 2 /s light) with subirrigation. substrates. MON 14300 not only was hydrolyzed For the greenhouse studies, thiazopyr was pre-faster than thiazopyr, but also had the advantage plant incorporated (PPI) into the soil. Tomato of undergoing little to no metabolism in plants seeds (R 1 ) were planted in 10x10-cm pots filled (unpublished results) which facilitated chrowith a sterilized silty loam soil (510 g). Seeds matographic separation of the monoacid metabwere placed on top of soil and covered with olite. Because of these advantages, we employed additional soil (135 g) which was premixed with MON 14300 as the substrate of choice for thiazopyr at equivalent use rates of 0, 34, 45, assaying pyridine-esterase activity. Since thiazo-67, and 140 g/ha. Greenhouse growing condi-pyr was of greater commercial interest, it was tions were 29ЊC day to 21ЊC night with supple-also routinely used as a substrate. mental lighting to maintain 200-600 E/m 2 /s. SDS-PAGE analysis of the esterase preparation from porcine showed a mixture of one major (~60 kDa) and approximately six minor proteins. Field Assay for Tomato Resistance SAX chromatography detected one major peak whose fractions contained a 60-kDa protein with Nine transgenic lines (R 1 and R 2 ) were assayed for resistance in the field with PPI appli-esterase activity. IEF-PAGE (pH 3-9 and 4-6.5) analysis of the active fractions showed a smear cation of thiazopyr. About 400 seeds were pooled from each line based on uniformity of of bands centered around pI 5.0 suggesting the presence of numerous isozymes which are comsize and appearance and randomly separated into four groups of about 100 seeds. Four parallel mon with liver esterases (14) (15) (16) . The most active fractions from SAX purification were plots (5x20 m) were, respectively, sprayed with 0, 112, 336, and 673 g/ha of thiazopyr, which pooled, desalted, and separated by IEF chromatography (pH 4.5-5.5) into five closely eluting was then incorporated down to 7.5 cm of soil depth. Seeds were placed in a furrow at every peaks each demonstrating esterase activity. IEF-PAGE (pH 4.5-5.5) analysis of the most active 5 cm distance and covered with soil. UC82B seeds were used as untransformed controls. fractions showed varying amounts of three major isozymes at pI 5.0. When this fraction was subAfter sowing, 13 mm of water was irrigated over the plots.
jected to amino acid analysis, a single sequence of 15 residues from the N-terminus (Table 1) The commercially available rabbit liver esterwas obtained with good protein recovery. ase was also more active against MON 14300 Kinetic constants of the purified porcine esterase than thiazopyr. SDS-PAGE analysis showed a against thiazopyr demonstrated a V max of 10.8 complex mixture including two 60-kDa proteins nmol/min/mg and a K m of 0.32 mM as calculated (Fig. 2, lane 1) . SAX chromatography detected from the double reciprocal plot (R 2 = 0.999). two peaks with the majority of the activity residing in the later eluting peak. SDS-PAGE analysis of the active fractions showed two major bands of 60 kDa (Fig. 2, lane 2) . The most active fractions were pooled, desalted, and subjected to a second round of SAX chromatography resulting in a single peak containing the 60-kDa protein (Fig. 2, lane 3) . IEF-PAGE analysis of the active fractions showed a smear of bands centered around pI 6.0. The most active fractions were pooled, desalted, and further purified by IEF chromatography (pH 5.5-6.5) into a major and a minor peak with both demonstrating ester- of 20 residues with good recovery of protein.
FIG. 3. Comparison of amino acid sequence derived from cDNA of cloned pyridine-esterase (RLE3, bottom) with the published amino acid sequence of rabbit liver esterase isozyme 1 (RLE1, top). There was an 95% overall identity with the majority of the divergence localized in the boxed region near the N-terminus.
Figure 2, lanes 4 to 6, shows SDS-PAGE analy-rabbit pyridine-esterase and a published esterase isozyme 1 of rabbit liver (RLE1) (17) with idensis of three active fractions from IEF chromatography. Kinetic constants of the purified rabbit tity in 17 of the 18 N-terminus residues (Table  1) . RLE1 and rabbit pyridine-esterase shared an esterase for thiazopyr demonstrated a V max of 6.63 nmol/min/mg and a K m of 0.019 mM as identical pI (6.0), molecular mass (60 kDa), and a nearly identical N-terminal sequence. A second calculated from the double reciprocal plot (R 2 = 0.996). isozyme (RLE2) of rabbit liver esterase (18) did not show homology to the purified pyridineThe amino acid sequences of rabbit and porcine pyridine-esterases were compared against esterase. Purified preparations of RLE1 and RLE2 were generously provided by Dr. J. Ozols databases for homology. No significant homology was found with the porcine esterase; how-(University of Connecticut). Thiazopyr hydrolytic activity could be demonstrated with ever, high homology was found between the RLE1 but not with RLE2. The combined results against thiazopyr. Since a purified preparation of RLE1 esterase from Dr. Ozols did demonstrate from the esterase activity, N-terminus amino acid sequence, pI, and molecular mass suggested thiazopyr hydrolysis, we proceeded to construct a cDNA for RLE1. that the purified rabbit pyridine-esterase was in fact RLE 1.
Using RLE3 cDNA as the template, we carried out two independent PCR events using PCR Cloning of a Novel Rabbit Liver primers that overlapped in the RLE1 divergent Esterase (RLE3) region. Two double-stranded DNAs encoding for two halves of RLE1 were produced and Based on the published amino acid sequence of RLE1 (17), we designed primers at the amino ligated. Conversion of this cDNA to RLE1 was completed by site-specific mutagenesis at three and carboxy termini for PCR cloning. The degeneracy of the genetic code for the amino other positions where a single amino acid difference was identified. The entire sequence of the acid sequence in these regions was relatively high; therefore, degenerate codons were used RLE1 cDNA was confirmed by double-stranded nucleic acid sequencing. only in the 3' ends of the oligonucleotides to limit the degeneracy to 64-fold. Reverse transcription PCR was performed on rabbit liver Insect Expression of RLE1 and RLE3 cDNAs mRNA with an initial round of PCR under very low stringency and a subsequent round with Of the two putative esterase cDNAs, RLE1 was designed based on the published amino acid higher stringency. This resulted in the production of a single band of correct predicted size which sequence (17) and RLE3 was cloned based on primers designed from the amino acid sequence was subcloned for further analysis.
Surprisingly, sequence analysis of the recov-of RLE1. These cDNAs were expressed in insect cells to determine esterase activity against stanered cDNA encoded an esterase which was different from RLE1. The derived amino acid dard substrates, thiazopyr, and MON 14300.
Mature rabbit liver esterases are glycoproteins sequence of the clone was 95% homologous to RLE1 with most of the divergence centered in residing in the lumen of the endoplasmic reticulum (ER) where glycosylation and disulfide one region of cDNA (boxed region in Fig. 3 ). Other than this divergent region, only three bond formation take place (17). The RLE3 cDNA was cloned based on the amino acid amino acid residues in the clone differed from RLE1. Interestingly, the divergent sequence in sequence of the RLE1 mature protein and therefore lacked an ER targeting sequence. Assuming the clone was homologous to a portion of the sequence in RLE2 (18). Other subclones isolated that glycosylation may be important to esterase activity, we designed an ER signal sequence from the PCR amplification were sequenced through this divergent region and were all identi-based on the published oligonucleotide sequence of the rat liver esterase (11) . We employed bacucal to the original clone. The isolated clone encoded a novel esterase which was designated lovirus-mediated insect expression utilizing a transfer vector (pVL1893) with polyhedrin proas rabbit liver esterase isozyme 3 (RLE3). It was apparent that using primers designed against moter (12) . The two esterase clones with ER signal sequence were each transfected into SF9 RLE1, the PCR reactions amplified a cDNA for RLE3. Comparison of RLE3 sequence with insect cells, and the media from the transfection culture were assayed for esterase protein and other published sequences revealed a highly homologous clone from the rat (11) .
activity. Control experiments demonstrated no esterase activity in the blank media, SF9 cells,
Construction of a cDNA for RLE1
or SF9 cells infected with wild-type baculovirus.
The media from cells containing the RLE3 Although the amino acid sequence of RLE3 was 95% homologous to RLE1, the minor dis-cDNA demonstrated esterase activity against standard substrates, thiazopyr, and MON 14300. similarity could impair enzymatic activity Esterase activity was inactivated by boiling and also by bis(p-nitrophenyl) phosphate, a known esterase inhibitor. Surprisingly, the media from the RLE1 cells were inactive against all esterase substrates. Western blot analysis detected high levels of the 60-kDa esterase protein in both RLE1 and RLE3 media. The recombinant insect cells from RLE1 and RLE3 were purified by three successive rounds of plaque purification; examination of cell lysates produced similar results as the media. These results demonstrated that although both RLE1 and RLE3 were equally from insect cell culture could be due to lack of proper folding, although RLE3 esterase which is 95% homologous to RLE1 was active. The ranging from 0.002 to 0.05%. Expression of pyrfact that purified RLE1 esterase from Dr. Ozols idine-esterase was consistently higher in tobacco demonstrated pyridine-esterase activity would than in tomato. suggest the likelihood that errors exist in the In addition to leaves, esterase protein and amino acid sequence of RLE1 (10) .
activity were also detected in tissue extracts from seeds, roots, flowers, and fruits; this is consistent with the expression pattern of the constitutive Plant Expression of RLE3 cDNA and FMV promotor. Since thiazopyr is a preemerDetection of the 60-kDa Esterase Protein gence herbicide acting primarily during early germination, we were particularly interested in Stable transformation of RLE3 cDNA was expression levels in young seedlings. Starting examined in two model plants, tomato and with seeds from a high-expressing tobacco line tobacco. For high-level constitutive expression, (37432), we observed consistent expression of the vector employed FMV promotor with ER the pyridine-esterase through 17-day-old seedtargeting and NPTII (neomycin phosphotransflings. Surprisingly, the ubiquitous expression of erase) selectable marker. The plant vector was the pyridine-esterase in plants caused no abnorintroduced via Agrobacterium transformation mal phenotype. Transgenic tobacco and tomato (13), and primary callus tissues were selected for plants were normal in all aspects of development kanamycin resistance. Shoots from the primary from vegetative growth, flowering, fruit setting calli were rooted and regenerated into R 0 plants and maturation, to seed production and germinawhich were transferred to soil and maintained tion. The R 0 plants were carried to maturity to in the greenhouse. Figure 4 shows the results of obtain R 1 seeds for resistance assays. the Western blot analysis of leaf tissue extracts from three tomato and four tobacco lines. Detection of Plant Esterase Activity in Vitro Expression of the pyridine-esterase was detected and in Vivo in most of the transgenic tobacco lines with expression levels ranging from 0.004 to 0.5% Tissue extracts from three tobacco R 1 seedof total extracted protein. Of the 35 lines of lings were employed to examine the time course of hydrolysis. Tissue extracts from two high tomato, 20 lines expressed the esterase at levels expressing (37437 and 37432) and one nonex-animal liver esterases are known to possess broad substrate specificity, the RLE3 esterase pressing (37436) lines were incubated with [ 14 C]MON 14300, and formation of the mono-appeared to posses some specificity for thiazopyr and MON 14300. acid was monitored with time. Results (Fig. 5) showed that the two high expressors hydrolyzed
The fact that RLE3 esterase is expressed in plants and shows in vitro activity is no proof that MON 14300 with first-order kinetics to near completion (90% monoacid) within 100 h of thiazopyr will be deactivated in whole plants. Figure 7 shows three HPLC profiles illustrating incubation. In comparison, less that 2% monoacid was detected in the nonexpressor line in vivo metabolism of MON 14300 in two highexpressing tomato lines (8255 and 8256) and (37436). These results supported two important conclusions. First, pyridine-esterase was capable the control (UC82B). MON 14300 was applied to the shoot of 2-day-old seedlings. Two days of driving the hydrolysis reaction to completion with no apparent product inhibition, and second, after treatment, seedlings were washed with methanol and tissue extracts analyzed by HPLC. there was no endogenous esterase activity in tobacco which catalyzed MON 14300 The chromatograms were detected by both UV 254 nm (top trace, Fig.7 ) and radioactivity (bothydrolysis.
The substrate specificity of the pyridine-ester-tom trace, Fig.7 ). For metabolite identification, plant extracts were coinjected with a mixture of ase from tissue extracts of a high-expressor tobacco line (37437) was compared among authentic standards visible under UV detection.
Control tomato seedlings (Fig. 7a) showed MON MON 14300, thiazopyr, and halosulfuron (a methylester-containing sulfonylurea herbicide). 14300 as the primary residue (90.8%) with little monoacid (2.5%) and once again demonstrating Results in Fig. 6 demonstrate that pyridine-esterase clearly hydrolyzed both MON 14300 and the lack of endogenous pyridine-esterase activity. The transgenic lines demonstrated rapid conthiazopyr, but not halosulfuron. As observed in the crude preparation, the esterase preferred version of MON 14300 to its monoacid with line 8255 (Fig. 7b) showing greater activity than MON 14300 over thiazopyr. Dithiopyr, a pyridine herbicide with two methyl thioesters, was 8256 (Fig. 7c) . Expression levels of esterase in 8255 and 8256 were 0.05 and 0.005% protein, also not hydrolyzed (unpublished data); earlier studies showed that dithiopyr is converted to its respectively, and were in correlation to plant monoacid by monooxygenases (19 Resistance in transgenic tomato was examfrom further degradation of the monoacid (6), ined in soil with preemergence (PE) application were detected near the solvent front. Experi-of thiazopyr. Tomato R 1 seeds from two ments, both in vitro and in vivo also demon-transgenic lines (8255 and 8256) or control strated esterase activity against thiazopyr.
(UC82B) were planted in soil, and thiazopyr was sprayed preemergence at rates of 0, 34, 67, 140, Root Elongation Assay for Resistance in and 280 g/ha. Good germination was observed in Tobacco all lines, and evidence of resistance was apparent 2-3 weeks later. Figure 8 shows a thiazopyr Thiazopyr is a preemergence herbicide acting primarily during germination and seedling titration (left to right, 0, 67, 140, and 280 g/ha) with control in the front row and 8256 in the development. One of the symptoms of thiazopyr injury is inhibition of root elongation, which back row. At 34 g/ha (not shown in Fig. 8 ), no detectable difference in vegetative growth was we used as a measure of resistance. Transgenic tobacco R 1 seeds were sterilized and germinated observed between the control and 8256. At 67 g/ha, the control showed about 20% stunting on agar fortified with various concentrations of thiazopyr (0, 0.05, 0.1, and 0.5 M). With con-while 8256 showed none. At 140 g/ha, the control never grew beyond the cotyledon stage and trol seedlings, we observed dose-dependent inhibition of root elongation with an I 50 of 0.1 M. eventually all died. In comparison, 8256 showed numerous healthy seedlings that were stunted In comparison, seedlings from a high-expressing transgenic line (37432) showed normal root but otherwise normal. Similar observations were made at 280 g/ha. We observed approximately length at 0.1 M but inhibition at 0.5 M. These results provided the first hint of thiazopyr resis-4 resistant seedlings out of 12 to 16 seeds at the 140 and 280 g/ha rates. The ratio of resistant to tance in whole plants.
sensitive seedlings represented segregation of the pyridine-esterase gene in the R 1 generation and suggested that only homozygous seeds for the pyridine-esterase gene possessed sufficient levels of resistance. Although we observed stunting of the transgenic plants at 140 and 280 g/ha rates, no effect on flower development, fruit set, and seed production were evident. Similar results were obtained for the 8255 line. seeding into soil which thiazopyr had been incorporated. The greenhouse resistance study employed PPI application to insure that projected field use rate for thiazopyr is about transgenic plants were exposed to thiazopyr (Fig. 280 g/ha. A combination of late planting date, 9). Plants were visually rated at 21 days after unusually cool weather, and heavy rain within treatment (DAT) based on growth (%) relative 24 h after planting resulted in very poor germinato untreated controls (UC82B). Results showed tion in all plots. Nevertheless, it was possible to that at 34 g/ha, the control showed 75% growth measure thiazopyr resistance based on seedling (or 25% injury) while the two transgenic lines emergence between the control (UC82B) and (8255 and 8230) were injury free (100% the transgenic lines. Untreated plots at 21 days growth). At 45 g/ha, the control was severely after planting showed comparable germination injured (10% growth) while the transgenic lines (15-20%) between the control and 8255-30 (a were minimally injured (90% growth). At 67 homozygous line). At 112 g/ha, both lines g/ha, the control was dead while the transgenic showed slightly lower but still comparable gerlines were stunted at 40-50% growth. These mination. However, at 336 g/ha, 8255-30 mainresults unequivocally demonstrated thiazopyr tained germination at 10% while the control resistance in transgenic tomato plants.
Greenhouse Test for Tomato Resistance
declined to about 1%. At 673 g/ha, 8255-30 still showed 4% germination with no germination for Field Test for Tomato Resistance the control. Other transgenic lines demonstrated a similar pattern with higher germination associ-A single field test was conducted in early summer at the research farm in Jerseyville, Illi-ated with high-expressing homozygous lines.
We estimate that our best transgenic tomato is nois. Nine lines of transgenic tomatoes were tested with only three lines demonstrated to be showing resistance at about 1.5 to 2.0x of the controls at commercial use rates of thiazopyr. homozygous at the R 2 generation. Thiazopyr was applied PPI at 0, 112, 336, and 673 g/ha; the Evaluations made at later time points showed that a large proportion of the control plants that A second observation is the lack of plant endoge
